We have induced with nitrosoguanidine in Streptococcus sanguis a mutation conferring inability to grow and synthesize ribonucleic acid (RNA) at 42 C, the optimal temperature for growth and RNA synthesis in the parental strain. The mutation (ts) is transferable via transforming deoxyribonucleic acid (DNA) and is replaceable by its wild-type allele with fairly high efficiency in transformation reactions. The ts mutation is unlinked to the sites of mutation conferring resistance of rifampin (rif) and streptolydigin (stgr), known to affect the A3 subunit of DNA-dependent RNA polymerase. Extracts from strains carrying the ts mutation are more sensitive to elevated temperatures than are parental extracts when assayed for DNA-dependent RNA polymerase. The conclusion that the mutation causes a temperature-sensitive defect in some component of this enzyme (other than ,3) is supported by the finding that the polymerase activity of a heat-inactivated ts stgr extract cannot be increased by addition of an unheated ts stg5 extract, which is itself inactivated by streptolydigin. S. sanguis recipients carrying the ts mutation are highly transformable with heterospecific DNA, especially at the restrictive temperature.
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In reciprocal transformations of Streptococcus sanguis and Streptococcus pneumoniae, heritable differences in deoxyribonucleic acid (DNA) base sequence are the principal cause of the relative transforming inefficiency of heterospecific DNA (2, 18) . This inefficiency can, however, be reduced, without affecting transformability with homospecific DNA, by specific treatment of the recipient bacteria prior to exposure to transforming DNA (6, 19) . Among the most effective treatments in this regard are brief heat shocks that slow growth without killing (18) and exposure to rifampin (6), a wellknown inhibitor of DNA-dependent ribonucleic acid polymerase (8) . Inhibitors of DNA synthesis are less effective, and inhibition of protein synthesis is without effect (6) . The significance of RNA synthesis to bacterial discrimination against heterospecific DNA has been emphasized by our recent findings with a mutant of S. sanguis having a temperature-sensitive defect in DNA-dependent RNA polymerase.
MATERIALS AND METHODS
Bacterial strains. The parental strain was Ch, the Challis strain ofS. sanguis. Temperature-sensitive mutants were obtained by treating a log-phase Ch culture with 100 g.g of N-methyl-N'-nitro-N-nitrosoguanidine per ml for 30 min at 37 C. The cells were then washed twice, resuspended in growth medium and incubated for 2 h at 37 C. The N-methyl-N'-nitro-N-nitrosoguanidine treatment was repeated once again, and the survivors were allowed to grow for 20 min at 37 C before plating at 37 C. Colonies were picked and tested by velvet replication for ability to grow at 37 and 42 C. One of the mutant colonies found to be capable of growth at the lower but not the higher temperature was designated ts4. The genetic factor responsible for its temperature sensitivity was transferred to the parental strain by exposing the latter for 20 min to 1 jig of DNA per ml extracted from ts4 cells; of 1,400 recipients plated on nonselective media, 41 proved to be temperature sensitive when colonies were replicated to plates incubated either at 37 or 42 C. One of the temperature-sensitive, transformed clones was designated Ch ts.
For the transformation experiments to be described below the donors of DNA were Ch (homospecific) and the SIII-1 strain of S. pneumoniae (hetero-infected group C (strain 26RP66) streptococcal cultures by the method of Barkulis et al. (1) .
Transforming DNA preparations. To label DNA, the multiply drug-resistant Ch donor strain, also carrying a thymidine-requiring mutation (thy-; 18), was grown for 16 to 18 h at 37 C in Ml medium containing a limiting concentration of glucose and 10 ,ug of thymidine per ml. Glucose and [methyl3Hlthymidine (50 to 60 Ci/mmol; Schwarz/Mann) were then added to final concentrations of 0.75% and 10 ,[.Ci/ml, respectively. The pH of the medium was maintained between 7.3 and 7.6 by intermittent addition of 1 N NaOH, using phenol red as indicator. The cells were harvested by centrifugation when the density reached 109 to 2 x 109 colony-forming units (CFU)/ml. The cell pellet was washed once with lysin buffer (0.1 M sodium phosphate, 5 mM ethylenediaminetetraacetic acid, 5 mM mercaptoethanol, pH 6.1) and finally suspended in one-tenth the original volume of the same buffer. A 0.5-ml amount of lysin was added, and the suspension was incubated at 37 C until lysis was virtually complete (about 45 min). Solid sodium dodecyl sulfate was added for a final concentration of 1%, and incubation was continued at 55 C for 30 min. Pronase (Calbiochem, B grade) was then added for a final concentration of 500 ug/ml, and incubation was continued at 48 C for 30 min. DNA was percipitated with 2 volumes of cold ethanol, and purification was carried out as described by Marmur (16) . Ethanol-precipitated DNA was dissolved in 1 x SSC and shaken for 15 min at room temperature with an equal volume of phenol saturated with 0.1 M tris(hydroxymethyl)aminomethane (pH 10.4) containing 0.1 M NaCl plus 1% sodium dodecyl sulfate. The aqueous phase, separated by centrifugation at 0 to 4 C, was extracted with ether four to five times to remove traces of phenol. DNA was finally precipitated with cold ethanol, dissolved in 1 to 2 ml of 1 x SSC, and stored at 0 to 4 C.
The multiply resistant donor strain ofS. pneumoniae, also carrying a similar thy-mutation (18), was grown under similar conditions. At a cell density of 109 to 2 x 109 CFU/ml, solid sodium citrate was added for a final concentration of 0.15 M, followed by 1 to 5 ml of 10% sodium deoxycholate, and the incubation was continued until lysis was complete (15 to 20 min). The lysate was cooled in an ice bath, and the nucleic acids were precipitated with 2 volumes of cold ethanol. The precipitate was collected by centrifugation and dissolved in 10 ml of lx SSC, after which the purification procedure was the same as described above.
Unlabeled DNA was prepared in a similar way, except that the donor was thy' and tritiated thymidine was omitted. To insure the genetic homogeneity of the donor strains, a prelysis plating was performed in agar medium containing 10 ,tg of thymidine per ml without or with the above-mentioned drugs either individually or in combinations. The efficiency of plating in media containing any given drug or combination of drugs was 100%, as compared with the plating on media devoid of drugs.
DNA measurement. The amount of DNA in transforming preparations was determined by the method of Hotchkiss (10) . The amount of DNA in bacterial populations was measured by a modification (21) of the fluorometric analysis of diaminobenzoic acid reaction with DNA (13) .
Transformation. When recipients were transformed with unlabeled DNA, 0.9 ml of a competent population containing approximately 7.5 x 10' CFU/ ml was mixed with the desired concentration of DNA in 0.1 ml of SSC and incubated at 37 C for 20 min, and then 20 ,ug of Mg2+-activated pancreatic deoxyribonuclease I in 0.01 ml was added. After incubating for an additional 5 min, the reaction mixture was plated in nonselective media. Most plates were challenged after 2.5 h of incubation at 37 C to select for various transformed classes; the challenge consisted of an overlayer of antibiotic-containing agar or subsequent incubation at 42 C, at which temperature ts colonies fail to appear. The remaining plates were used for determining the total number of CFU plated. Colonies were counted after 36 h of incubation at 37 C, at which time transformed colonies selected for given markers were isolated and tested for the presence of unselected genetic markers.
Transformation with radioactively labeled DNA was as follows: 3-to 5-ml portions of a fresh competent culture were preincubated at 28, 37, and 42 C for 5 min. A 1-ml portion from each was then exposed to labeled homospecific or heterospecific DNA in a final volume of 1.4 ml (0.3 ml of 0.85% NaCl; 0.1 ml containing 1 ,tg of DNA; 1 ml of culture). After 2 min at a given temperature, uptake was terminated by addition of deoxyribonuclease (0.1 ml containing 20 ,ug of enzyme and 10-3 M MgCl2), and the incubation continued for 18 min. The tubes were then transferred to an ice bath. The amount of labeled DNA bound to the cells and number of transformants were determined as previously described (6) . Filters were counted in 5 ml of Spectrafluor PPO-POPOP [2,5-diphenyloxazole-1,4-bis-(5-phenyloxazolyl)benzene; Amersham/Searlel scintillation fluid using a Nuclear-Chicago Isocap 300 spectrometer.
Macromolecular synthesis. A preculture (logphase cells frozen in 10% glycerol at -75 C) was thawed at 37 C and diluted 10-fold in Pk medium, and two 0.6-ml samples were prelabeled for two to three generations at 37 C: one (a) with 1 20 MCi of [5,6-3H] uracil and 1 ,uCi of '4C-labeled amino acid mixture in the case of (b). The cultures were then incubated at 28 C for 1 h to insure equilibration of the label with the internal pools. At time zero, each labeled culture was then divided into four equal portions, which were incubated at 28, 32, 37, and 42 C, respectively. Samples withdrawn at various times after the temperature shift was added to tubes containing 2 ml of ice-cold 5% trichloroacetic acid. The samples were chilled for 16 Log-phase cells of the test strain, which had achieved a density of 108 to 2 x 108 CFU/ml, were harvested by centrifugation at 0 to 4 C, washed once with cold lysin buffer, and suspended in 7 to 8 ml of lysin buffer containing 20% sucrose (wt/vol). A 0.5-ml portion of C phage lysin was added, and the suspension was incubated at 37 C for 5 min. Spheroplasts thus formed were pelleted by centrifugation at 0 to 4 C, washed once with cold modified buffer G plus 20% sucrose (wt/vol), and finally suspended in 2 ml of modified buffer G. Lysis was complete in a few minutes, aided by occasional gentle shaking. Glycerol was added to a final concentration of 10% (vol/vol), and RNA polymerase (nucleoside triphosphate:RNA nucleotidyl transferase, EC 2.7.7.6) activity was assayed 1 to 2 h later, essentially by the method of Burgess (3) 
RESULTS
Growth and macromolecular synthesis. The wild-type Challis (Ch) strain grew optimally at 42 C (Fig. 1A) . The nitrosoguanidine-induced mutant (ts4) and the Ch strain transformed to temperature sensitivity (Ch ts) grew optimally at 37 C, with the doubling time at this temperature, however, being 50 min ( Fig. 2A and 3A) as compared with 30 min for Ch. All three strains showed an initial lag in the incorporation of radioactive precursors into DNA, RNA, and protein, which is probably due to the time required for the uptake of these precursors and equilibration with the internal pools ( Fig. 1-3 ). The increase in CFU did not show this lag, as may be seen in Fig. 1A through 3A. After the initial lag, however, the rates of DNA, RNA, and protein synthesis in the Ch strain at 37, 32, and 28 C corresponded well with the rate of increase in CFU at these respective temperatures. ts4 and Ch ts displayed comparatively reduced rates of macromolecular synthesis under similar temperature conditions. Most notably, at 42 C RNA synthesis came to a complete stop within 15 to 20 min in ts4 and Ch ts, although DNA and protein synthesis continued at this temperature for 120 to 150 min, albeit at much reduced rates compared to those of the Ch strain. The cessation of net RNA increase in ts4 and Ch ts did not have any lethal effect, however. On the contrary, after DNA synthesis and increase in CFU were eventually arrested at 42 C, there was no subsequent breakdown of DNA or any significant decrease in viable CFU.
The amount of DNA in Ch and Ch ts populations was measured at the time of shift to 42 C and at 150 min after the shift. The increase was seven-to eightfold in Ch and four-to fivefold in Ch ts, showing that, whereas DNA synthesis is slower in the mutant at 42 C, at least two rounds of replication are completed at this temperature.
RNA polymerase activity in cell extracts.
DNA-dependent RNA polymerase activity was measured in crude cell extracts of Ch and Ch ts (Fig. 4) . Whereas the extract from Ch has a temperature optimum of 42 C, Ch ts showed a temperature optimum of 37 C. The enzyme extracts were preincubated at 42 C for various lengths of time in the presence of a template and all other reaction components, except Mg2+ and [3H]UTP, and subsequently tested for RNA polymerase activity at 42 C (Fig. 5) . About 80% of the enzyme activity of Ch ts extract was lost over a period of 20 min, as compared to 25% for the Ch enzyme extract. Preincubation at 48 C under similar conditions and subsequent estimation at 37 C showed (Fig. 6 ) a 10 to 15% activation of enzyme activity in the Ch extract sustained for about 10 min, followed by a decline to about 75% of the initial activity after 20 min. A slight activation was evident in the Ch ts extract for about 2 min, but the subsequent drop left only about 10% surviving activity after 20 min.
ts mutation is unlinked to rifr and stgrF Since the ts mutation appeared to cause a temperature-sensitive defect in DNA-dependent RNA polymerase, tests were made of its genetic discreteness and linkage to mutations conferring resistance to rifampin (rif) and streptolydigin (stgr). In Escherichia coli (9) and Bacillus subtilis (14) , these mutations are known to affect the ( In another experiment the frequencies of ts+, stgr, rif, and strr transformations were all found to fall similarly and proportionately with the concentration of donor DNA as the latter was reduced to various concentrations below 1 ,ug/ml, indicating transfer of the ts+ allele by a single-donor DNA fragment.
Evidence that the ts mutation impairs RNA polymerase. On the basis of these findings, the ts mutatio'n could be regarded either as affecting a different subunit of DNA-dependent RNA polymerase than 8 (and probably ,') or as affecting some cellular component not part of the structure of RNA polymerase but necessary for its activity. An experiment was performed to determine whether polymerase activity of a heat-inactivated extract from a streptolydiginresistant ts strain (obtained by transferring the stgr marker into Ch ts) could be increased by adding an unheated extract from a streptolydigin-sensitive ts strain and testing in the presence of streptolydigin. If some cellular component other than RNA polymerase were affected by the ts mutation, such enhancement should be observed. The results recorded in Table 2 showed that 2 ug of streptolydigin per ml caused only a slight inhibition of the polymerase activity of the stgr ts extract while reducing the activity of the stgs ts extract to 33% of its original value. The effect of heating at 48 C for 15 min was independent of the effect of streptolydigin on the extract from the stgr ts strain. The effect of combining a heat-inactivated stgr ts extract with an unheated stgs ts extract was completely additive when tested in the presence of streptolydigin. Thus, no heat-labile compo- normalize for these variations, we calculated in every case the number of transformants obtained per microgram of irreversibly bound DNA, a value we refer to hereafter as the transformant yield. For homospecific DNA the transformant yield was remarkably independent of the recipient strain at a constant temperature at which the cells were preincubated (5 min), exposed to DNA (2 min), and incubated (18 min) prior to plating. With wild-type recipients, the yield decreased slightly with homospecific DNA as the temperature was raised, although no significant change was observed in other experiments performed of this kind. With heterospecific DNA the yield generally remained independent of temperature in wildtype recipients. With these recipients, moreover, the transformant yield obtained with heterospecific DNA was low relative to that obtained with homospecific DNA. The relative transforming inefficiency of heterospecific DNA varied according to the genetic marker, however, being least efficient with stg r and rif With ts recipients, on the other hand, the relative transformant yield with heterospecific DNA was considerably higher and increased markedly as the temperature was raised. Most of this increase was due to an increase in the yield of transformants obtained specifically with heterospecific DNA. Thus, at 42 C the difference in yield obtained with homospecific and heterospecific DNA was largely or totally obliterated depending upon the marker. Thus, ts recipients were much more transformable with heterospecific DNA than were wild-type recipients, and the effect was more noticeable as the temperature was raised. These results Purified DNA-dependent RNA polymerase obtained from E. coli is complex, consisting of four different subunits: a,,3,,f', and o-(4). The subunit is sensitive to rifampin and streptolydigin (9, 11) . On the assumption that RNA polymerase in S. sanguis has a similar structure, we infer that the ts mutation causes a defect in some component of the enzyme for the following reason: stgs ts extracts that are reduced in RNA polymerase activity by the action of streptolydigin are incapable of increasing the polymerase activity of stgr ts extracts inactivated by exposure to elevated temperatures. Thus, the heatlabile component in ts extracts must be a tightly bound constituent of the RNA polymerase complex. Moreover, the absence of genetic linkage between ts and either stg or rif indicates that this component cannot be /3. In E. coli close linkage exists between the 83 and /3' genes (7), as well as between the a and str genes (12) . Were the same linkage relationships found to hold in S. sanguis, and given the linkage evidence of Table 1 , neither /3' nor a could be implicated as the component specified by ts. However, until RNA polymerase is purified from ts and wild-type S. sanguis extracts, the identity of the heat-labile component obviously cannot be established, and for this reason purification of the enzyme is now being undertaken.
In the meantime, it is evident that the ts mutation markedly enhances transformability with heterospecific DNA, especially at elevated temperatures. This observation recalls previous findings that heat (48 C) or rifampin treatment of wild-type S. sanguis increases transformant yield with heterospecific DNA specifically. A unified interpretation is that RNA polymerase activity is inhibitory primarily to transformations with heterospecific DNA. In view of the fact that the inefficiency of heterospecific transformations is due, for the most part, to base sequence heterology between recipient and donor DNA (2, 18) , RNA synthesis would appear to aggravate the effects of such heterology upon transformation. Although this aggravation could be explained in a number of ways, a possibility we are currently exploring relates to the known stabilizing effect of RNA upon the highly coiled and folded configuration of DNA in bacterial cells (17, 22) . Inhibition of RNA synthesis is known to relax this configuration (17) , and it is tempting to suppose that integration of exogenous heterospecific DNA is particularly advantaged in this situation by promoting pairing with regions of recipient DNA to which it is relatively poorly matched.
